ABSTRACT High contact resistance keeps black phosphorus (BP) from fully wielding its excellent material property. Using first-principles calculations, we analyze the interfacial binding behavior and the impact of binding on the other layers of a trilayer BP. We found that the interfacial charge density and charge transfer of Scandium (Sc)-contacted trilayer BP are 2.67 and 3.29 times greater than Au-contacted trilayer BP, respectively. Moreover, the interfacial tunneling barrier height and width of Sc-contacted trilayer BP are 0 eV and 1.851 Å, which are significantly smaller than that of 5.1 eV and 2.447 Å observed in Au-contacted trilayer BP. All these facts suggest a strong bonding and efficient carrier transmission between Sc contact and trilayer BP substrate. Therefore, we conclude that the Sc electrode can lead to a superior performance that is consistent with the experiment.
I. INTRODUCTION
In the post-Moore era, several alternative materials have been explored to continue the semiconductor roadmap. III-V compounds are of great interest due to their direct bandgap and high electron and hole mobilities [1] - [3] . Very recently, public attention shifted to two-dimensional materials [4] - [9] , which have a stacked layer structure due to the van der Waals forces that bind the layer structure stably. Black phosphorus (BP), the youngest member in the two-dimensional family, is formed in a puckered honeycomb structure that has a high carrier mobility of 1000 cm 2 V −1 s −1 [10] . The layer-dependent direct bandgap ranging from 2.0 eV in the monolayer limit to 0.3 eV in the bulk form renders it the promising candidate for next-generation high speed electronics [11] , [12] .
Although its intrinsic material properties are attractive, the high contact resistance impedes it from device applications [13] , [14] . Several research regarding the contact engineering of BP had been carried out. Gong et al. [15] had computationally studied the interface of monolayer BP with copper (Cu), zinc (Zn), indium (In), tantalum (Ta), and niobium (Nb), which were picked according to minimal lattice mismatch. Chanana and Mahapatra [16] continued the work using gold (Au), titanium (Ti), and palladium (Pd) as a metal contact due to their common ohmic nature. However, none of the existing computational literature had reported the interface of BP with scandium (Sc) contact, which was found to reach high performance in carbon nanotube [17] , monolayer molybdenum disulfide [18] , and BP [19] . Moreover, the existing simulations were carried out on the monolayer BP, and the impact of metal contact on the deeper layers of BP remains unexplored.
In this paper, we exploit the Perdew-Burke-Ernzerhof and Heyd-Scuseria-Ernzerhof functionals in different state of calculations to lift the accuracy while reducing the computational costs. We explain why Sc-BP interface has a high carrier injection efficiency from the insight of firstprinciples calculation. We focus on Sc, while using Au contact as a reference. We analyze the performance of metal-BP interface from the insight of interfacial potential, charge density, charge transfer, and density of states. Finally, we conclude that Sc-BP interface has a higher carrier injection efficiency due to zero tunneling barrier, a higher charge density, and a larger charge transfer at the interface. We step further and predict that the high carrier injection efficiency is the result of a metal alloy formed at the interface.
II. METHODOLOGY AND INTERFACE CONSTRUCTION
The simulation is carried out using spin-polarized density functional theory implemented in the Vienna ab initio Simulation Package (VASP) [20] . We have secured the cutoff kinetic energy of 500 eV for the expansion of plane-wave basis; while the projected augmented-wave pseudopotentials [21] are used to depict the valence electron of each atom inside the system. All atoms in the interface are fully relaxed so that the force acting on each atom is smaller than 0.01 eVÅ −1 , where the energy difference is less than 10 −6 eV per atom. For few-layer BP, a vacuum space of 15 Å is reserved along c.
A. BENCHMARK EXCHANGE-CORRELATION FUNCTIONALS
The geometry of bulk BP is relaxed to its equilibrium structure so that the lattice vectors, volume, and bandgap of bulk BP can be extracted and compared with that of the experiments. According to experimental measurement, the lattice constants of bulk BP in a, b, and c are 4.376, 3.314, and 10.478 Å, respectively [22] . The unit cell volume of bulk BP is 151.77 Å 3 , while the bandgap is 0.31 eV [23] . We benchmark several combination of exchange-correlation functionals, including local-density approximation (LDA), Perdew-Burke-Ernzerhof (PBE), and Heyd-Scuseria-Ernzerhof (HSE06) functionals [24] - [26] , and van der Waals corrections [27] , such as DFT-D [28] and vdW-DF series [29] . Fig. 1 displays the normalized displacement of lattice constants, volume, and bandgap for each combination of functional. The normalized displacement is calculated by
, while x cal is the value after relaxation and x exp is the experimental measurement.
The PBE exchange-correlation functional underestimates the bandgap of bulk BP by more than 60%, not to mention the overestimation of 12% on the volume of unit cell. LDA also does not work because of the overestimation of c and volume. In this case, the van der Waals corrections perform its potential to procure the correct geometry of bulk BP. DFT-D2, DFT-D3, and opt86b-vdW van der Waals corrections minimize the overestimation on lattice constant and volume, especially along c direction. However, none of the above methods can reproduce the experimental bandgap, instead, the deviation of bandgap is enlarged to 80% because of the strain along c introduced by van der Waals correction. vdW-DF2 van der Waals correction might be a possible choice to procure the correct bandgap at the expense of structural accuracy. However, such matched bandgap is the result of tensile strain and is not reliable. HSE06 exchange-correlation functional is known for retrieving the electronic structure of small-bandgap or metallic materials [26] . By combining HSE06 exchangecorrelation functional with DFT-D2 van der Waals correction (HSE06+DFT-D2), not only does the atomic structure but the bandgap are consistent with experiments. The deviations of lattice constants and volume are smaller than 1%. Although it gets 4% deviation on the bandgap, the bandgap (0.322 eV) is merely 12 meV larger than that of the experiment [23] .
To construct the metal contact on the top of trilayer BP, a large supercell is usually built to ensure negligible strains in contact and substrate material. However, for the topic of investigation here, it is computationally expensive to relax the metal-BP interface by HSE06+DFT-D2 approach. To reduce the total computational time, we take advantage of similar atomic structures obtained by HSE06+DFT-D2 and PBE optimizations with DFT-D2 van der Waals correlation (PBE+DFT-D2). Firstly, we use PBE+DFT-D2 functional to relax the atomic structure of BP, supercell, or contact functionalization until the ions reach their equilibrium positions. Next, the HSE06+DFT-D2 functional is applied on top of the PBE relaxed atomic structure at the equilibrium HSE06+DFT-D2 volume to obtain electronic properties, VOLUME 7, 2019 323 such as the bandgap. This mixed approach is denoted as PBE/HSE06+DFT-D2 in Fig. 1 . Using PBE/HSE06+DFT-D2 approach, the lattice constants and volume are the same as the one obtained by PBE+DFT-D2 approach, while the calculated bandgap has undergone a huge improvement from that of 0.05 eV obtained by PBE to 0.28 eV. Although it is 0.03 eV below the experiment of 0.31 eV, the deviation is smaller than that of 0.04 eV obtained among experiments (0.31-0.35 eV) [23] , [30] - [32] . Fig. 2 is the electronic structure of bulk BP along highlysymmetric line on the two-dimensional plane ( -M-Y--X) calculated by PBE/HSE06+DFT-D2 approach. In order to further show the accuracy of PBE/HSE06+DFT-D2 approach, we calculate the electron and hole effective masses in the x and y directions using parabolic approximation:
where Table 1 tabulated the calculated electron and hole effective masses in the x and y directions for each functional. Notably, both HSE06+DFT-D2 and PBE/HSE06+DFT-D2 are able to reproduce the experimental effective masses. HSE06+DFT-D2 may overestimates the hole effective mass along the y direction, but it is fixed by using PBE/HSE06+DFT-D2 method. On the contrary, PBE fails to obtain the correct geometrical and electronic structure. This is consequential because most of the theoretical publications dominantly use PBE functional to investigate the electronic structure and transport property of BP.
To verify the accuracy of PBE/HSE06+DFT-D2 method on few-layer BP, Fig. 3 demonstrates the layer-dependent bandgap of BP using HSE06+DFT-D2, PBE/HSE06+DFT-D2, and PBE+DFT-D2 functionals. Taking the advantage of monotone trend of layer-bandgap relationship, we could use available experimental bandgap of monolayer [14] and bulk [23] BP to validate the accuracy of HSE06+DFT-D2 functional firstly. Since HSE06+DFT-D2 method is the most accurate one among the three functionals, we could assume that HSE06+DFT-D2 functional accurately describes the electronic structure of this system. We can use it as a reference to compare the other functionals. PBE/HSE06+DFT-D2 functional follows the layer-bandgap relationship with an insignificant underestimation of the bandgap for each layer. Therefore, we could safely use PBE/HSE06+DFT-D2 approach to investigate the electronic property of trilayer BP with metal contact.
B. SEARCH FOR STABLE INTERFACE MORPHOLOGY
Before the practical discussion, it is necessary to find out the most stable interface morphology which yields the lowest systematic energy and is closer to the real situation. We use Virtual NanoLab [34] to construct the metal-BP interface. The supercell is built as small as possible, while the strain, resulting from lattice mismatch, in metal and BP are less than 2%. Multiple interface morphologies are constructed. Fig. 4(a) shows the side view of the trilayer BP with a layer of Sc contact. atoms and 48 phosphorus (P) atoms, inside the supercell. The initial gaps of 2.0, 2.5, and 3.0 Å are reserved separately between the Sc layer and the top layer of trilayer BP. After atomic relaxation, the total energy of each functionalization are tabulated in Table 2 . Notably, we shift the total energies with respect to the minimum energy (the case A with an initial gap of 2.0 Å). The energies of cases A and B are 0.1 eV smaller than that of the cases C and D. It implies that the cases A and B are more chemically stable in the real world. Thus, we pick the case A with an initial gap of 2.0Å for further study. Following the similar procedure, we also guess several Au-BP interface morphologies. Fig. 5(a) is the side view of initial atomic geometry of trilayer BP with a layer of Au contact. Fig. 5(b) is the top view of three types of interface morphology denoted as the cases A, B, and C. The interface morphologies of B and C are constructed by shifting the Au layer of the case A along a half a, a half a and b, respectively. The first and second numbers of parentheses are the coefficient while shifting along a and b, respectively. There are totally 84 atoms, containing 12 Au atoms and 72 P atoms, inside the supercell. The initial gaps of 2.0, 2.5, and 3.0 Å are reserved separately between the Au layer and the top layer of trilayer BP. The relative systematic energies for each functionalization are tabulated in Table 3 . Different from the Sc contact, the dependence of total energy on initial gap and interface morphology is weak in Au contact. Each interface morphology converges to its own final structure. Therefore, we pick up the most stable structure of case A with an initial gap of 2.5 Å. Fig. 5(c) is the side view of relaxed structure of the case A. The minimum bond length between Au and P atoms is 2.548 Å, however, a z-directional gap of 2.381 Å is relatively larger than that of 1.386 Å obtained in the Sc contact. The smaller gap between Sc layer and the top layer of trilayer BP suggests that the interaction between Sc and P atoms is significantly stronger than that of Au and P atoms, which are conducive to the carrier transmission from electrode to substrate materials. Fig. 6 shows the atomic structure, planar-average charge density (ρ e ), and planar-average charge transfer ( ρ e ) of Sc-and Au-contacted trilayer BP along the z direction. The three figures are lined up in the same z coordinate. At the interface region, the minimum charge density of Sc-contacted trilayer BP is 2.67 times larger than that of Au-contacted trilayer BP. The considerable planar-average charge density suggests a strong bond formed between Sc and BP. However, for Au-contacted trilayer BP, the charges of Au atoms and BP are almost isolated which leads to the small charge density at the interface region. To further analyze the bonding strength numerically, the charge transfer is calculated by
III. RESULTS AND DISCUSSION
where ρ Metal−BP , ρ Metal , and ρ BP are the charge density of metal-contacted trilayer BP, the charge density of the metal layer by removing P atoms, and the charge density of the trilayer BP by removing metal atoms, respectively. The positive charge transfer implies charge accumulation; while, negative charge transfer means charge depletion after the interface formation. We can observe a significant charge depletion in the Sc layer and a charge accumulation on the top layer of VOLUME 7, 2019 325 trilayer BP because the charge moves from the Sc layer to the trilayer BP after the bonding is formed. Moreover, the bonding formation not only affects the charge distribution of the top layer but also influences the charge concentration of middle and bottom layers of BP. However, the charge transfer between Au and P atoms are minuscule, which accounts for the weak bonding formed between Au and P atoms. Because the bonding is weak, the contact in this case does not have a critical impact on the charge distribution of the middle and bottom layers. Currently, we have studied the bonding strength of Sc and Au with the trilayer BP. We step further to demonstrate the efficiency of carrier injection by calculating effective potential profile. Fig. 7 shows the effective potential of Sc-and Au-contacted trilayer BP along the z direction. The two figures are lined up in the same z coordinate. TB , d, Layer , and d Layer are the interfacial tunneling barrier height, the interfacial tunneling barrier width, the layer-to-layer tunneling barrier height, and the layer-to-layer tunneling barrier width, respectively. The corresponding values are tabulated in Table 4 . The interfacial tunneling barrier height is defined as the potential difference between the potential at the interface and the minimum potential of free carriers at trilayer BP. The interfacial tunneling barrier height of Sc-contacted trilayer BP is negative, but here we denote it as 0, which means the carriers can inject from Sc electrode to the trilayer BP freely. On the contrary, a considerable interfacial tunneling barrier height of 5.1 eV is observed in the Au-contacted trilayer BP due to the weak bonding between Au and P atoms. Moreover, the interfacial tunneling barrier width of 2.447 Å in the Aucontacted trilayer BP is larger than that of 1.851 Å in the Sc-contacted trilayer BP because of the gap between the Au layer and the top layer of trilayer BP. Interestingly, when we analyze the layer-to-layer tunneling potential, we find that the layer-to-layer tunneling barrier height and width of Sc-contacted trilayer BP is larger than that of Au-contacted trilayer BP. It implies that the carriers injection in the deeper layers of BP becomes harder when using Sc as a contact material than that of Au. We conjecture that the top layer of trilayer BP is metalized by bonding with Sc atoms, therefore the interface metalization causes the minimum potential of free carriers drops, eventually, the layer-to-layer tunneling barrier height increases.
At this point, we have understood why Sc contact is superior to Au contact from the perspective of higher interfacial charge density, charge transfer, and zero interfacial tunneling barrier. The next stage is to provide evidences to our hypothesis that the superb carrier injection is the result of interface metalization.
Figs. 8 and 9 are the partial density of states (PDOS) of Sc-contacted and Au-contacted trilayer BP. In Fig. 8 , the top layers of Sc-contacted trilayer BP is significantly metalized because the bandgap of the top layer vanishes. On the other hand, the bandgap is preserved around Fermi level for the middle layer. However, by comparing the middlelayer density of states of intrinsic and contacted trilayer BP, we confirm that the states of contact material are able to penetrate and affect the middle layer of trilayer BP. For the interfacial metalization, we find that the metalized interfacial Sc-P bonds are resemble to scandium phosphide (ScP), which has a metallic property [35] , [36] . According to the calculation, the bond length of ScP is 2.656 Å, which is within 2.47-2.69 Å obtained from the interface. Based on the similar properties of Sc-P bonds, we conclude that the 326 VOLUME 7, 2019 Sc atoms bond with the P atoms at the top layer of trilayer BP and form the ScP-liked compound. The formation of ScP-liked compound makes it metallic because ScP is a conductor. Au-contacted trilayer BP, on the contrary, does not have a strong evidence of compound formation from the perspective of small charge density and weak charge transfer at the interface. Moreover, the higher and wider interfacial tunneling barrier of Au-contacted trilayer BP makes Au contact less appealing than that of the Sc contact.
IV. CONCLUSION
We have investigated the electronic properties of Sccontacted and Au-contacted trilayer BP. In the beginning, we proposed PBE/HSE06+DFT-D2 method, which takes the advantage of time-efficiency in atomic relaxation, meanwhile maintains the accuracy in atomic and electronic structures. To ensure reliability of this combined method is reliable, we calculated the bandgap and effective mass and compared it with the experiments. Using this method, we found that the Sc contact is superior to Au contact because the Sccontacted trilayer BP has zero interfacial tunneling barrier, a higher charge density and charge transfer at the interface. We attribute the zero tunneling barrier to interface metallization and exploit the metallic property of ScP to support the conjecture. Also, the large layer-to-layer tunneling barrier height indicates that the best direction to inject carriers is from the Sc contact to each layer of BP. Further improvement of the injection efficiency is predicted by depositing the contact at the edge of BP so that each layer of BP can directly form an interface with Sc contact that has zero tunneling barrier. Whether the Sc atom will penetrate from the surface layer into the deeper layer of BP and the difference between PBE/HSE06-DFT-D2 and full HSE06 approaches on the contact functionalization will be carried out in the future. 
